The transfer of spin angular momentum from a spin-polarized current to a ferromagnet can generate sufficient torque to reorient the magnet's moment. This torque could enable the development of efficient electrically actuated magnetic memories and nanoscale microwave oscillators. Yet difficulties in making quantitative measurements of the spin-torque vector have hampered understanding. Here we present direct measurements of both the magnitude and direction of the spin torque in magnetic tunnel junctions, the type of device of primary interest for applications. At low bias V , the differential torque dτ/dV lies in the plane defined by the electrode magnetizations, and its magnitude is in excellent agreement with recent predictions for near-perfect spin-polarized tunnelling. We find that the strength of the in-plane differential torque remains almost constant with increasing bias, despite a substantial decrease in the device magnetoresistance, and that with bias the torque vector also rotates out of the plane.
The transfer of spin angular momentum from a spin-polarized current to a ferromagnet can generate sufficient torque to reorient the magnet's moment. This torque could enable the development of efficient electrically actuated magnetic memories and nanoscale microwave oscillators. Yet difficulties in making quantitative measurements of the spin-torque vector have hampered understanding. Here we present direct measurements of both the magnitude and direction of the spin torque in magnetic tunnel junctions, the type of device of primary interest for applications. At low bias V , the differential torque dτ/dV lies in the plane defined by the electrode magnetizations, and its magnitude is in excellent agreement with recent predictions for near-perfect spin-polarized tunnelling. We find that the strength of the in-plane differential torque remains almost constant with increasing bias, despite a substantial decrease in the device magnetoresistance, and that with bias the torque vector also rotates out of the plane.
Magnetic tunnel junctions (MTJs) with MgO barriers can have extremely large magnetoresistance, and for this reason they are being pursued aggressively for applications in memory technologies and magnetic-field sensing [1] [2] [3] [4] . Further, it has recently been demonstrated that the magnetic state of a nanoscale MTJ can be switched by a spin-polarized tunnel current via the so-called spintransfer torque 5, 6 . This is a promising new mechanism for the write operation of nanomagnetic memory elements 7 and for driving nanoscale microwave oscillators [8] [9] [10] . Although the presence of the spin torque has been unambiguously observed, its quantitative behaviour in an MTJ, especially its bias dependence, has yet to be understood in detail. One puzzling observation has been that, in comparison to the tunnel magnetoresistance, the differential spin torque has been found to depend very weakly on the junction bias 11 . Recent theoretical models attempt to quantify the spin torque's bias dependence in an MTJ, and to explain its relationship with the tunnel magnetoresistance [12] [13] [14] [15] . To test these model calculations, a direct, quantitative measurement of how the spin torque varies with junction bias is highly desirable. Quantitative understanding of this bias dependence will also be important for the development and optimization of nanostructured MTJ spin-torque devices in memory applications.
Here we use the recently developed technique of spin-transferdriven ferromagnetic resonance (ST-FMR) 16, 17 to measure the bias and angular dependence of the spin-transfer torque τ in MgO-based junctions. We demonstrate for the first time that ST-FMR can be used to achieve a quantitative understanding of spin torque in individual nanoscale devices. We definem andM fixed as unit vectors in the direction of the magnetic moments on the two sides of our magnetic tunnel junction and V as the bias voltage. Our measurements show that at low bias the in-plane component (in the directionm × (m ×M fixed )) of the spin transfer 'torkance' dτ /dV on momentm is equal, within the experimental accuracy (±15%), to the value predicted for an elastic tunnel current with a spin polarization P = 0.66 appropriate for our junctions 18 . We find dτ /dV to be essentially bias independent, varying by less than 8% below 0.3 V, and seeming to increase slightly at even higher bias, where hot-electron effects may start to influence measurements. In contrast, the magnetoresistance decreases by 72% over our bias range. We also measure a perpendicular component dτ ⊥ /dV (in them ×M fixed direction) that is non-zero only when V = 0, with a bias dependence corresponding to τ ⊥ (V ) ∝ A 0 + A 1 V 2 near V = 0 (with A 0 and A 1 constants). Our measurements can be interpreted within a simple model.
We have studied eight exchange-biased tunnel junctions with the layers (in nm) 5Ta/20Cu/3Ta/20Cu/15PtMn/2.5Co 70 Fe 30 / 0.85Ru/3Co 60 Fe 20 B 20 /1.25MgO/2.5Co 60 Fe 20 B 20 /5Ta/7Ru deposited on an oxidized silicon wafer by the process described in ref. 19 (see Fig. 1a ). The top magnetic layer (with moment directionm) is etched to a rounded rectangular cross-section with the long axis parallel to the exchange bias from the PtMn layer (theŷ direction), with size either 50 × 100 nm 2 or 50 × 150 nm 2 . The bottom layer (moment directionM fixed ) is left extended on the scale of tens of micrometres. All data in this paper are from one 50 × 100 nm 2 device; the other samples gave similar behaviour. Contact pads are originally fabricated in a four-point configuration, but we cut the top electrode close to the sample (Fig. 1b , left inset) before ST-FMR measurements to eliminate artifacts associated with microwave-frequency current flow within this electrode (between contact pads A and B) rather than through the tunnel junction. The bias dependence of the differential resistance dV /dI is shown in Fig. 1b 
The TMR decreases to 43% at 540 mV bias, a fractional reduction of 72%. We estimate that the magnitude of the intrinsic critical current for spin-torque switching near θ = 0 • is ≥0.6 ± 0.1 mA (∼1.8 V), on the basis of extrapolations to the nanosecond scale of pulsed-current switching measurements 20 made on samples from the same wafer. Our resonance measurements are made using biases much smaller than this. The ST-FMR measurements 16, 17 are made by first applying a sufficiently strong magnetic field H along theẑ direction ( Fig. 1b inset) to saturatem, whileM fixed is tilted to a lesser degree away fromŷ. We then bias the sample at room temperature with both a direct current I and a microwave-frequency current I RF through a bias-tee, and sweep the frequency of I RF . When spin-transfer from I RF excites resonant magnetic dynamics, this causes the resistance to oscillate at the driving frequency. We measure the resonant d.c. voltage response, V mix , that results from mixing between these resistance oscillations and I RF . To maximize the signal-to-noise ratio of the measurement, we chop I RF at 250 Hz and measure V mix using a lock-in amplifier. In all cases, we use values of I RF in the range 5-25 µA, small enough that the FMR response is in the linear regime.
Representative results for the ST-FMR spectra are shown in Fig. 2 . We observe several magnetic resonances in the frequency range 2-14 GHz. Above 1.5 kOe, the spacing between the first two modes is 1.2-1.9 GHz in the three 50 × 100 nm 2 devices we studied and 0.8-1.4 GHz in three 50 × 150 nm 2 devices. The lowest-frequency resonance has by far the largest amplitude, and corresponds to the shape and sign of the signal expected for uniform excitation of the top magnetic layer 17 . We assume that other smaller resonances correspond to higher-frequency standing-wave modes of the top or bottom electrode, or perhaps coupled modes 17 .
Our first major result is that the degree of asymmetry in the ST-FMR peak shape versus frequency for the lowest-frequency mode depends strongly on d.c. bias current I, with peak shapes for I = 0 being symmetric, and with the sign of the asymmetry depending on the sign of I (Fig. 2b ). To analyse quantitatively the magnitudes and the peak shapes of the ST-FMR signals, we assume that the dynamics of the free magnetic layer near the main resonance peak can be described by a simple macrospin approximation, so that a generalized Landau-Lifshitz-Gilbert equation applies:
Here γ is the magnitude of the gyromagnetic ratio, α is the Gilbert damping parameter, H eff is an effective field as defined in ref. 21 and M s Vol ≈ (1.06 ± 0.16) × 10 −14 e.m.u. is the total magnetic moment of the free layer on the basis of our estimate of the sample geometry and the measured value of M s = 1,100 e.m.u. cm −3 , consistent with ref. 19 . The resulting ST-FMR lineshapes have been evaluated 16, 21, 22 , and good agreement has been observed in ST-FMR measurements on all-metal spin-valve devices 17 . By extending the analysis of ref. 21 to non-zero values of I (see Supplementary Information, Note 1), equation (1) predicts that the ST-FMR signal is to a good approximation
Here ζ = [(2e/h)/ sin(θ)]dτ /dI and ζ ⊥ = [(2e/h)/ sin(θ)] dτ ⊥ /dI represent the differential torques in dimensionless units,
are symmetric and antisymmetric lorentzians, σ is the linewidth, ω m is the resonant precession frequency and Ω ⊥ = γ (4πM eff + H )/ω m for our geometry. We use 4πM eff = 11 ± 1 kOe for the effective outof-plane anisotropy, as determined from the magnetoresistance for H perpendicular to the substrate. The first term on the right in equation (2) is a non-resonant background, useful for calibrating I RF . The second term gives the dominant ST-FMR signal; as a function of frequency it has the form of a symmetric lorentzian ∝ ζ ∝ dτ /dI, minus an antisymmetric lorentzian ∝ ζ ⊥ ∝ dτ ⊥ /dI.
As shown in Fig. 2b , the peak shapes for the ST-FMR signals of the lowest-frequency main resonance mode are fitted very well by the form expected from equation (2). From the fits, at each value of H and I we determine with high precision the (2). A d.c. bias also changes the degree of asymmetry in the peak shape versus frequency.
symmetric and antisymmetric peak amplitudes, the background, the linewidth σ and the resonant frequency ω m . The raw results of these fits are shown in Supplementary Information, Fig. S1 . To make a quantitative determination of dτ /dI and dτ ⊥ /dI using equation (2), it is necessary to calibrate the quantities I 2 RF and ∂ 2 V /∂θ∂I, both of which depend on I owing to the bias dependence of the tunnel-junction impedance. We determine I 2 RF from the non-resonant background signal, together with the value of ∂ 2 V /∂I 2 determined at low frequency. We calibrate ∂ 2 V /∂θ∂I by measuring ∂V /∂I versus I at a sequence of magnetic fields in theẑ direction, assuming that the zero-bias conductance varies as cos(θ) (and that θ depends negligibly on I), and then numerically differentiating ∂V /∂I with respect to θ at each value of I and H. These calibrations are sufficiently accurate that the uncertainty in our measurements is dominated by the uncertainty in the determination of M s Vol, not I RF or ∂ 2 V /∂θ∂I or the quality of fits to the peak shapes. Additional details concerning the calibration procedures are given in Supplementary Information, Note 2 and Figs S2,S3. The most relevant final quantities for physical interpretation are expected to be the 'torkances' 18 , dτ /dV = (dτ /dI )/(dV /dI ) and dτ ⊥ /dV = (dτ ⊥ /dI )/(dV /dI ). We plot these in Fig. 3a , as calculated from the measured values of dV /dI and the values of dτ /dI and dτ ⊥ /dI determined from the second term on the right-hand side of equation (2) . (dτ /dI and dτ ⊥ /dI are plotted in Supplementary Information, Fig. S4 and the ratio (dτ ⊥ /dV )/(dτ /dV ) in Supplementary Information, Fig. S5.) We first consider the dependence of the torkances on θ. It is predicted 12-15,18 that for elastic tunnelling dτ/dV should be proportional to sin(θ). The inset to Fig. 3a shows that (dτ /dV )/sin(θ) is indeed nearly constant over the range of angles measured, 45 • < θ < 90 • . Given this agreement, we divide out a factor of sin(θ) in plotting the torkances in the main panel of Fig. 3a , so that the plotted results should be independent of angle. (θ is determined as discussed above.)
The bias dependence of the dominant, in-plane component of the torkance, dτ /dV , is shown in the main panel of Fig. 3a . At V = 0, we find (dτ /dV )/sin(θ) = 0.13 ± 0.02h/(2e) k −1 . The value predicted 18 for elastic tunnelling in a symmetric junction of polarization P is dτ /dV sinθ =h 4e
which is equal to 0.144h/(2e) k −1 for P = 0.66 (corresponding to our TMR of 154%) and the value of parallel conductance (dI /dV ) P = 1/(3.19 k ) for our device at V = 0. For P = 1, the prediction would be 0.157h/(2e) k −1 . Therefore our measured torkance agrees with equation (3) to within experimental uncertainty, and is within 20% of the maximum value possible given our device conductance. As a function of bias, we find that dτ /dV is constant to within ±8% for |V | ≤ 300 mV. This is in striking contrast to the magnetoresistance, which decreases by 50% over the same bias range (Fig. 1b) . Furthermore, the value of dτ /dV seems to increase for 300 mV < |V | < 540 mV, whereas the magnetoresistance continues to decrease to just 28% of its full value. The low-bias result confirms with greater The theoretical framework of ref. 18 provides a means to analyse these results. The differential conductances for parallel and antiparallel magnetic configurations and the in-plane spin-transfer torkance can all be written in terms of conductance amplitudes G σσ between spin channels (σ, σ = ± are spin indices for the bottom and top electrodes). Assuming that the tunnelling mechanism itself does not depend on spin operators, we may write 13, 18 
The amplitudes G σσ can describe both elastic and inelastic tunnelling processes. With the assumptions that G +− ≈ G −+ for a symmetric junction near zero bias and G −− G ++ , equations (4) and (5) imply that, approximately, dτ /dV ∝ (dI /dV ) P . The observation that dτ /dV is approximately independent of bias for |V | < 300 mV can therefore be related to the fact that the differential conductance for parallel moments is approximately independent of bias in this range as well. Figure 3b shows a direct comparison of the fractional changes in dτ /dV and (dI /dV ) P versus V . For |V | < 300 mV, dτ /dV and (dI /dV ) P show a similar pattern of non-monotonic variations, although the relative changes in dτ /dV are greater. At larger biases, 300 mV < |V | < 540 mV, the apparent experimental value of dτ /dV increases much more rapidly than (dI /dV ) P . We suspect that much of this increase may be an artefact, rather than reflecting the true value of dτ /dV , because the values of dτ /dV shown in Fig. 3a become larger than the maximum predicted for perfect spin polarization 13, 18 and because in the same regime (|V | > 300 mV) the spin-torque model also fails to describe the resonance linewidths (see below). The upturn in the apparent value of dτ /dV might conceivably be caused by hot-electron effects or heating 11, 23 , which are neglected in our model. If these effects decrease the total magnetic moment of the free layer (M s Vol) at high bias, they could enhance the response of the magnet to a given torkance and artificially inflate our determination of dτ/dV .
Within the macrospin ST-FMR model (equation (2)), an antisymmetric-in-frequency component of the ST-FMR resonance can be related to an out-of-plane torkance, dτ ⊥ /dV . We observe only symmetric ST-FMR peaks at V = 0 ( Fig. 2b) , implying that at zero bias dτ ⊥ /dV = 0. This differs from a previous experimental report 16 . Figure 3a shows that the asymmetries we measure for V = 0 correspond to an approximately linear dependence of dτ ⊥ /dV on V at low bias. This result is consistent with theoretical expectations 14 that for a symmetric tunnel junction the low-order bias dependence has the form τ ⊥ (V )/sin(θ) = A 0 + A 1 V 2 (with A 0 and A 1 independent of bias). For our full range of bias we measure
is in them ×M fixed direction, and grows to be 30% of the in-plane torque τ (V ) at the largest bias we probe, in qualitative agreement with ref. 14. We do not believe that alternative mechanisms such as heating can account for the asymmetric peak shapes, as explained in Supplementary Information, Note 3.
We have also made ST-FMR measurements on metallic IrMn/Py/Cu/Py spin valves in the same experimental geometry, and in this case we find that the lowest-frequency peaks are frequency symmetric to within experimental accuracy for all biases |I| < 2 mA, from which we conclude that τ ⊥ is always less than 1% of τ (see Supplementary Information, Fig. S6 ). The ratio τ ⊥ /τ < 1% is much smaller than has been suggested for Co/Cu/Co metal spin valves on the basis of analysis of the dynamical phase diagram 24 . In our opinion it remains an open question whether a significant perpendicular torkance can be generated in a current-perpendicular-to-the-plane all-metal spin valve.
The measured linewidths σ of our ST-FMR measurements on MgO junctions enable a determination of the magnetic damping. Assuming that τ (V , θ) ∝ sin(θ), equation (1) implies (see Supplementary Information, Note 1 
In Fig. 3c we plot the bias dependence of the effective damping
The zero-bias values give an average Gilbert damping coefficient α = 0.0095 ± 0.0010, consistent with literature reports for similar materials 25 . The dashed straight lines plotted in Fig. 3c show the slopes expected from equation (6), using as a fitting parameter that (∂τ /∂V )/ sin(θ) = (0.16 ± 0.03) k −1h /2e (assuming that ∂τ /∂V is constant as a function of V ). This estimate agrees with the value determined independently above from the magnitude of the ST-FMR peaks near V = 0. Incorporating the apparent upturn of dτ /dV at high bias into equation (6) produces little change in the predictions (solid lines in Fig. 3c ). We find that the good agreement present at low bias between the measured linewidths and equation (6) breaks down for |V | > 300 mV, perhaps owing to ignoring heating or hot-electron effects as mentioned above.
Our measurements have several important implications. Our finding that the in-plane torkance ∂τ /∂V maintains its strength with increasing bias confirms that the spin-transfer torque can remain effective in magnetic-memory devices operated at high bias, despite the precipitous decrease of TMR with bias in such samples. We have found the magnitude of the in-plane torkance to be in quantitative agreement with the theoretical prediction of equation (3) for devices that have a tunnelling spin polarization P = 0.66. This formula predicts that for perfect polarization, P = 1, the in-plane torque should be only 8% stronger than for P = 0.66. From this we conclude that attempts to produce MTJs that have even higher tunnelling polarizations and TMR values are unlikely to improve the spin-torque-toconductance ratio by more than this small amount, and efforts to improve MTJs for spin-torque applications should therefore focus on optimizing other properties, such as the total magnetic moment, damping, or magnetic anisotropy. The reason why the TMR and torkance are not more closely linked seems to be that inelastic tunnelling due to magnons 15 , and generally other mechanisms not involving spin operators 18 , may decrease TMR without affecting torkance in symmetric MTJs. Finally, we note that although we measure a significant perpendicular component of spin torque, this component has not previously been included in models of spin-torque-driven magnetic switching. Simulations with perpendicular torques induced by magnetic-field pulses suggest that a perpendicular spin-transfer torkance may alter the magnetic-moment trajectory during switching enough to assist efficient magnetic reversal 26 , so this spin-torque component should be included in future modelling.
METHODS

DEVICE FABRICATION
The resistance-area product for parallel electrodes in our tunnel-junction multilayers is ≈12 µm 2 . The top Co 60 Fe 20 B 20 layer is patterned by electron-beam lithography and ion milling to produce a rectangular cross-section with rounded corners. The etch is stopped at the MgO barrier. Top contacts are made with 5 nm Ti/150 nm Cu/10 nm Pt. The contacts are originally fabricated in a four-probe arrangement as shown in Fig. 1b . However, we find that ST-FMR measurements in this geometry are affected by microwave-frequency current flowing within the patterned top electrode above the sample (rather than through the MgO tunnel barrier). This produces a significant microwave-frequency magnetic field with a phase different from the spin current, and changes the magnitude and the degree of asymmetry of the resonance peak. It also causes the FMR results to vary depending on which of the two top contacts (A or B in Fig. 1b) is used, whereas the results are the same on interchanging bottom contacts (C or D). To minimize this problem, we cut the top lead near the sample (see Fig. 1b ), and then make the ST-FMR measurements using contacts B and D.
We use the convention that positive bias corresponds to electron flow down the pillar, giving a sign of τ that favours antiparallel alignment of the top 'free' magnetic layer moment (m) relative to that of the lower layer (M fixed ).
